An emerging view of prefrontal cortex (PFC) function is that multiple PFC areas process information in parallel, rather than as distinct modules. Two key functions assigned to the PFC are the regulation of top-down attention and stimulus-guided action. Electrophysiology and lesion studies indicate the involvement of both the anterior cingulate cortex (ACC) and prelimbic cortex (PL) in these functions. Little is known, however, about how these cortical regions interact. We recorded single unit spiking and local field potentials (LFPs) simultaneously in rodents during a sustained attention task and assessed interactions between the ACC and PL by measuring spike--LFP phase synchrony and LFP--LFP phase synchrony between these areas. We demonstrate that the magnitude of synchrony between the ACC and PL, before stimulus onset, predicts the subjects' behavioral choice after the stimulus. Furthermore, neurons switched from a state of beta synchrony during attention to a state of delta synchrony before the instrumental action. Our results indicate that multiple PFC areas interact during attention and that the same neurons may participate in segregated assemblies that support both attention and action.
Introduction
It is widely accepted that a top-down attention signal originates from the prefrontal cortex (PFC) (Posner and Petersen 1990; Desimone and Duncan 1995; Fuster 2001; Miller and Cohen 2001; Roelofs et al. 2006; Egner et al. 2008; Gregoriou et al. 2009; Orr and Weissman 2009) . Previous studies have implicated various PFC modules, such as the anterior cingulate cortex (ACC), the frontal eye fields, and the dorsolateral PFC (dlPFC) as being responsible for priming the representation of an expected stimulus in sensory cortex (Johnston et al. 2007; Totah et al. 2009; Noudoost et al. 2010 ). An emerging view of PFC function is that discrete areas process information in a coordinated manner rather than as distinct modules (Duncan 2001; Moghaddam and Homayoun 2007) . Coordinated activity between neurons in different networks and brain regions may be mediated by spike synchrony with local field potential (LFP) oscillations (Varela et al. 2001; Fries 2005) as well as synchrony of LFP oscillations, which provide windows of time when the effectiveness of a proximal spike on a distal neuron's postsynaptic potential is enhanced (Buzsa´ki and Draguhn 2004; Womelsdorf et al. 2007; Canolty et al. 2010) . Although the effects of engaging top-down attention on synchrony between visual cortex areas have been studied (von Stein et al. 2000; Fries et al. 2008) , less is known about synchrony-mediated communication between PFC areas during top-down attention.
In order to study the interactions between PFC areas during top-down attention, we recorded single unit spiking and LFP from 2 rat PFC areas during a rodent attention task and measured phase synchrony between brain regions. The regions included the ACC and the prelimbic cortex (PL), both of which have been implicated in attention and stimulus-guided action (Passetti et al. 2002; Chudasama et al. 2003; Peters et al. 2005; Laubach 2006, 2009; Ng et al. 2007) . In the task, rats were trained to anticipate a brief visual stimulus, which appeared at 1 of 3 randomly selected locations, and to make an instrumental response to the perceived location. We focused the analysis on phase synchrony between the 2 PFC areas before stimulus onset (i.e., during top-down attention) and before the instrumental response (i.e., before the stimulus-guided response). Prior to the onset of a behaviorally relevant stimulus, preparatory attention improves selection of an expected stimulus by enhancing the firing rate of sensory cortex neurons that will represent the stimulus (Chelazzi et al. 1993; Luck et al. 1997; Chawla et al. 1999 Chawla et al. , 2000 Driver and Frith 2000; Bressler et al. 2008; Stokes et al. 2009; Sylvester et al. 2009 ). Accordingly, we focused our analysis of preparatory attention on the prestimulus period, when the rat orients to and waits for the upcoming stimulus. The analyses compared correct trials with incorrect trials, when the rat responded to one of the nonilluminated stimulus locations. We interpreted incorrect trials as being indicative of a preparatory attention signal that is inadequate for selecting the correct stimulus location. While we cannot eliminate the possibility that incorrect selection of stimulus location is due to deficient planning or stimulus expectation, these cognitive abilities are related in that they rely on PFC neural activity before onset of a behaviorally relevant stimulus and have similar effects on sensory cortex neural activity (Niki and Watanabe 1979; Pragay et al. 1987; Fuster 1995; Luck et al. 1997; Kastner et al. 1999; Rainer et al. 1999; Driver and Frith 2000; Ghose and Maunsell 2002; LaBerge 2002; Johnston et al. 2007; Hussar and Pasternak 2009; Stokes et al. 2009; Sylvester et al. 2009; Totah et al. 2009 ). In addition to studying preparatory attention, we assessed synchrony between the ACC and PL before the stimulusguided instrumental response in order to characterize how these PFC areas interact during action preparation and execution. We hypothesized that, if multiple PFC areas need to coordinate their activity to generate preparatory attention and stimulus-guided behavior, then synchrony would predict performance accuracy.
Materials and Methods

Animals
Four male Sprague--Dawley rats were used in this study. All rats were housed on a reverse light cycle and trained and tested during the rats' active phase. All experiments were carried out in compliance with the University of Pittsburgh Institutional Animal Care and Use Committee (IACUC).
Behavioral Task
The behavioral task has been described previously (Totah et al. 2009 ). Briefly, rats were trained and tested in operant chambers with a house light on the ceiling, 3 stimulus ports with internal light-emitting diodes on one wall and an illuminated food magazine on the wall opposite from the stimulus ports. Nose pokes into the stimulus ports and the food magazine were registered by photosensors. A correct response, consisting of a nose poke into an illuminated stimulus port, was rewarded with sucrose. An incorrect response into an unlit stimulus port resulted in an extinguished house light. The rat was required to nose poke into a stimulus port within 5 s after stimulus onset; otherwise, the house light was extinguished (i.e., an omission trial). The rat initiated each trial with a poke into the food magazine, which contained either sucrose pellets or was empty depending on whether the previous trial was correct or an error (i.e., an incorrect or omission trial).
At the start of a trial, an 8-s prestimulus period passed before the stimulus onset. On each trial, one of the 3 stimulus ports would illuminate. The location of the stimulus was selected at random from the 3 stimulus ports. There was a balanced distribution of the selection of the 3 ports, but the order of presentation was random. Rats initially were trained to respond to a 15-s duration stimulus and could respond during the stimulus or within 5 s after the stimulus was extinguished. Each session lasted 30 min. Based on satisfying performance criteria (for detailed information regarding training, see previous work by Totah et al. 2009 ), the stimulus duration was gradually reduced to 300 ms. Rats were deemed ready for electrode implantation when they met the performance criterion of >70% accuracy (i.e., number of correct responses/(number of correct responses + number of incorrect responses)) and <20% omissions (i.e., number of omitted responses/ number of total trials) for 6 consecutive sessions using the 300 ms cue duration. The mean number of sessions needed to complete training was 42 sessions. Rats exhibited attentive behavior, whereby they oriented to the operant chamber wall that contained the stimulus ports and waited for the stimulus. Orientation to the wall of stimulus ports began approximately 2 s before stimulus onset and was maintained throughout the prestimulus period. It was extremely rare (ca., <1% of trials across many 30-min sessions) for rats to orient away from the stimulus ports once they had begun orienting. Sessions were videotaped and reviewed in order to eliminate trials in which the rat did not directly face the stimulus ports because those were not stereotypical task behaviors.
Electrophysiology Procedure
Rats were implanted under isoflorane anesthesia with 2 microelectrode arrays each consisting of 8 Teflon-insulated stainless steel wires in a 2 3 4 pattern measuring 0.25 mm 3 0.70 mm with an impedance of 300--700 kX (NB Labs, Denison, TX). One array was placed spanning the ACC: -0.2 to -1.0 mm posterior to bregma, -0.4 to -0.7 mm lateral to bregma, and -2.5 mm ventral from the dura surface and one array was placed spanning the contralateral PL: +2.4 to +3.4 mm anterior to bregma, +0.5 to +0.8 mm lateral to bregma, and -3.8 mm ventral from the dura surface.
After 1 week of recovery, rats were acclimated to attachment of the electrode cable in the operant box for four 30-min sessions and retrained to criterion performance at the 300 ms stimulus duration. Once behavioral performance was stable and above criterion, a 30-min session was recorded. Single units and LFP were recorded via a unitygain field-effect transistor headstage and lightweight cabling, which passed through a commutator to allow freedom of movement. Neural activity was amplified using a 10003 gain, and single unit activity was band pass filtered at 300--8000 Hz and LFP was band pass filtered at 0.7--170 Hz. Neural activity was digitized at a rate of 40 kHz and LFPs were down sampled to 1 kHz using Recorder software (Plexon, Inc.). Singleunit activity was digitally high-pass filtered at 300 Hz and LFP was digitally low-pass filtered at 125 Hz. Signals from the operant box were used as event markers to coordinate behavioral events with neural activity. Units were isolated in Off-Line Sorter software (Plexon, Inc.). Stability of units over time was confirmed by viewing the waveform clusters in a 3D space of the first 2 principal components and time. Units were rejected if the interspike interval histogram was inconsistent with a refractory period of <1.1 ms.
Data Analysis
Electrophysiological data were analyzed with custom scripts written in Matlab (Mathworks, Natick, MA). An LFP signal was collected from one electrode in each brain region. The signal was aligned to the behavioral event of interest and trials with LFP clipping in either brain region were removed from analysis. The LFP signal was convolved with a complex Morlet wavelet, resulting in a complex number, W(f,t), at each scale (converted to a frequency for simplicity), f, and time, t. The conversion from scale to frequency resulted in all plots of frequency space appearing nonuniform because wavelet transformation results in higher resolution at lower frequency. Power spectra were calculated as jW ðf ; t Þj 2 for each time-frequency bin on each trial. Each timefrequency bin was normalized to percentage maximum power on a trial-by-trial basis. Normalized power spectra then were averaged across trials. The presented spectrograms are the average across all 4 animals.
Phase synchrony between LFP signals was measured as a phase locking value (PLV) over time in each trial and averaged across trials within animals. The constancy of the difference in phase between the LFP signals at electrodes, j and k, was calculated as a PLV, such that
where N is the number of samples in the time window, / is phase, and j j is the complex modulus Rodriguez et al. 1999) . PLV ranges from 0 to 1 (constant phase difference). The PLV is equivalent to 1 minus the circular variance of the phase differences. Phase angle was extracted from W(f,t) using
where hðf ; t Þ is phase angle at a time and frequency point and J and R are the imaginary and real components of the wavelet coefficient, respectively. For each frequency of interest, PLV was calculated using a time window consisting of 10 cycles and slid in steps of one-twentieth of a time window. Because synchrony between 2 oscillatory signals can occur by chance, we used a surrogate data set to determine if the occurrence of synchrony was greater than expected by chance. We computed a distribution of PLVs that would be expected if the 2 LFP signals were independent of one another by computing 200 surrogate PLV values with a random trial selected for one of the electrodes (see above references). If the observed PLV was higher than the upper limit of the 95% confidence interval of the distribution of surrogate PLV values, then the PLV was not spurious. Spike--LFP phase synchrony was calculated in 2-s time windows slid in 200-ms steps (prestimulus period) and in 1-s time windows slid in 100-ms steps (instrumental nose poke period). To assess the phase locking characteristics of a neuron, we collected the LFP phase angles that corresponded to the spike times for all spikes within a time window, across all trials (Fig. 1) . A neuron was considered significantly phase locked if the distribution of spike phase angles departed from a uniform circular distribution (Rayleigh's test for circular uniformity, P < 0.05). The circular statistics toolbox (MATLAB) was used for statistical analyses of spike--LFP phase synchrony (Berens 2009 ). If any time window had <6 spikes, we could not rely on Rayleigh's test (Fisher 1996) , and we chose to remove that neuron from analysis. The value of Rayleigh's Z statistic for a neuron was used as a measure of phase consistency or the strength of spike--LFP phase locking. Rayleigh's Z was calculated by
where R is the mean resultant phase vector length of n spikes. The P value for Rayleigh's test for circular uniformity is calculated as:
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Neurons were considered significantly phase locked if P < 0.05. We controlled for spurious spike--LFP phase locking, while keeping the timing of behavioral events intact, by computing spike--LFP phase locking between spikes from a trial and the LFP signal from a different, randomly selected trial (without replacement). A distribution of the expected spurious phase locking was formed by calculating Rayleigh's Z values on 200 sets of trial shuffled data. For each time-frequency bin, the upper limit of the 95% confidence interval of the distribution was selected as the expected spurious Rayleigh's Z for that particular neuron in that particular time-frequency bin. Rayleigh's Z values were compared between the original data (correct trials) and the shuffled data using a 2-way repeated measures analysis of variance (ANOVA) (with factors data type and time).
We were particularly interested in comparing the phase locking of neurons on correct and incorrect trials; however, there are fewer incorrect trials and, accordingly, a smaller sample size of spikes with which to calculate R. To equalize any bias due to unequal sample sizes, we employed a resampling procedure. For a given neuron with x number of spike times in the correct condition and y number of spike times in the incorrect condition (where x > y), we removed y number of spikes (selected randomly without replacement) from the correct condition and replaced them with all of the y number of spikes from the incorrect condition. We calculated Rayleigh's Z for the new group with replaced spike times. We repeated this resampling procedure 5000 times and calculated Rayleigh's Z on each iteration. We then used the mean of the Z distribution to calculate a P value for that neuron. Thus, the same number of spikes per neuron is present in both correct and incorrect conditions. Accordingly, conditions labeled as ''incorrect'' in the spike--LFP phase locking analysis reflect the degree to which the insertion of the spike times from incorrect trials degrades or enhances spike--LFP phase locking observed on correct trials. This is similar to the method employed by Siegel et al. (2009) to control for the same sample size bias (Siegel et al. 2009 ). We also tried a bootstrapping procedure to control for the sample size bias, whereby we randomly subsampled y random spikes (with replacement) from the full sample in the correct condition (5000 iterations). However, we found that this reduced the power of the Rayleigh's Z test for neurons with a large sample of spikes, which is in line with the findings of others (see Supplementary Materials, Sirota et al. 2008) .
Histology
At the completion of recordings, rats were anesthetized with chloral hydrate, and the rats were perfused with normal saline for 10 min and 10% buffered formalin for 10 min. After fixation, brains were sectioned and stained using cresyl violet. Placement of electrode tips was confirmed under a light microscope and subjects' neural activity recorded from improperly placed electrodes was excluded from analysis.
Results
Broadband LFP Oscillations Occur before the Stimulus and Are Related to the Subsequent Behavioral Choice
Across all rats, there were 38 ± 4 correct choice trials and 13 ± 3 incorrect choice trials (after removal of trials with LFP artifacts). Figure 2 shows mean power spectrograms averaged across all animals. We examined the 2-s window before stimulus onset, which corresponds to the approximate time of orientation to the wall of stimulus ports (Totah et al. 2009 ). We found that power was reduced on incorrect trials across a range of frequencies (t-test for each time-frequency bin, Fig.  2, right panel) . Additionally, the alpha power had a typical ''waxing and waning'' rhythm that has been observed previously (Linkenkaer-Hansen et al. 2001 . The remaining analyses were focused on studying phase synchrony and excluded LFP amplitude from the analysis Varela et al. 2001; Le Van Quyen and Bragin 2007) .
Prestimulus Within-Region Phase Locking Predicts the Behavioral Choice after Stimulus Onset
We recorded 32 neurons in the ACC and 61 neurons in the PL. During the 2-s period preceding the stimulus onset, neurons in both PFC areas were phase locked across a wide range of frequencies (Rayleigh's test for circular uniformity, P < 0.05). Compared with incorrect trials, a larger proportion of neurons phase locked to various frequencies (between 1.5 and 50.0 Hz) on correct trials (Table 1) . At many frequencies, a similar proportion of neurons were phase locked on correct and incorrect trials (Fig. 3) . In the ACC, Within-region delta band phase locking was reduced during incorrect trials (v 2 = 4.27, P < 0.05; Fig. 3A) , whereas in the PL, Within-region beta band phase locking was reduced during incorrect trials (v 2 = 4.14, P < 0.05, Fig. 3B ). The reduced proportion of phase locked . In this trial, the spikes tend to occur around the mean resultant angle (dotted black line), which was calculated using spike times from all trials for this neuron. (B) Spikes from the 2 s before stimulus onset combined across all trials, for the same neuron as in (A).
The neuron was significantly phase locked (Rayleigh's test for circular uniformity, Z 5 8.936, P \ 0.0001) and the mean phase angle was 3.504 radians.
neurons was centered at 1.6 Hz in the delta band (ACC) and 17 Hz in the beta band (PL).
To study how phase locking strength varied over the prestimulus time period, we compared time-resolved Rayleigh's Z for ACC neurons that were phase locked at 1.6 Hz and PL neurons that were phase locked at 17 Hz during the 2-s window before stimulus onset. The mean, time-resolved Rayleigh's Z across delta band phase locked ACC neurons was reduced on incorrect trials (Fig. 3C ) (ANOVA; main effect of trial: F 1,3 = 21.88, P = 0.019; main effect of time: F 30,90 = 3.32, P < 0.001; interaction: F 30,90 = 1.32, P = 0.158). Comparing individual time points during the prestimulus period show that the difference between trial types is during the final 2-s window before stimulus onset (post hoc t-test; t 6 = 3.91, P = 0.008). Although Rayleigh's Z in the theta band in the window ranging from -6 to approximately -3.5 s before stimulus onset appeared to be of higher magnitude on correct trials, this increase was not significant over time (ANOVA; interaction: F 30,90 = 0.725, P = 0.757). Furthermore, phase locked neurons did not exhibit changes in firing rate nor did they differ between trial types (ANOVA; main effect of trial: F 1,3 = 8.51, P = 0.062; main effect of time: F 39,117 = 0.89, P = 0.671; interaction: F 39,117 = 1.194, P = 0.233).
There was a trend for the mean, time-resolved Rayleigh's Z across beta band phase locked PL neurons to be reduced on incorrect trials (Fig. 3D ) (ANOVA; main effect of trial: F 1,6 = 4.22, Figure 2 . Prestimulus broadband LFP power is correlated with trial type. The spectrogram shows the mean normalized LFP power averaged across 4 rats. Stimulus onset is at t 5 0 s. Power was normalized within trial and then averaged across trials, within subject. Data are shown for correct trials (left) and incorrect trials (middle) for both the ACC (A) and PL (B). A t-test was used to compare each time-frequency bin between trial types. The results are plotted (right) using black if P was not significant, gray if 0.05 # P \ 0.08, and white if P \ 0.05. In both brain regions, delta (1--4 Hz), alpha (8--12 Hz), and beta (13--30 Hz) powers are greater on correct trials. However, the time course and frequency spread is not the same in both brain regions. Although not different between trial types, the power of alpha oscillations fluctuated over time in a periodic manner. Note: During incorrect trials, a larger proportion of neurons did not phase lock to LFP oscillations. In the case of cross-regional phase locking, the effect reached a trend (ACC spikes/PL LFP) and significance (PL spikes/ACC LFP). *P \ 0.07 (chi-squared test for independence), **P \ 0.05.
Phase Synchrony between Prefrontal Areas d Totah et al. P = 0.086; main effect of time: F 30,180 = 1.988, P = 0.003; interaction: F 30,180 = 1.30, P = 0.151). The difference between trial types occurred during the 2-s window before stimulus onset (post hoc t-test; t 12 = 3.99, P = 0.002). Phase locked neurons did not modulate their firing rate over time, nor did they have a difference in firing rate between trial types (ANOVA; main effect of trial: interaction: F 39,234 = 0.889, P = 0.660). Therefore, Within-region delta (within ACC) and beta frequency (within PL) phase locking strength before the stimulus predicted the animals' correct or incorrect choice after stimulus onset. Critically, the higher magnitude phase locking on correct trials was not spurious because it was eliminated when the trials were randomly shuffled (Within-region ACC ANOVA interaction: F 30,90 = 2.13, P = 0.002; Within-region PL ANOVA interaction: F 30,180 = 2.59, P < 0.001).
The preferred phase was measured for each neuron to determine whether neurons that were phase locked to local oscillations might spike with similar timing on correct trials. We calculated the median angle of the resultant vector and tested for a significant difference in spike phase angle distributions between phase locked neurons using a circular analog of the Kruskal--Wallis test. For the 4 neurons that were phase locked to delta oscillations in the ACC (Fig. 3E) , we found they shared a statistically similar phase angle of 3.2 rad (P = 0.29). In the PL (Fig. 3F) , the 7 neurons that were phase locked to PL beta oscillations also shared a statistically similar phase angle of 4.9 rad (P = 0.23). Therefore, across animals and neurons, ACC neurons that phase locked to ACC delta oscillations preferred the trough of delta oscillations, whereas PL neurons phase locked to the peak of PL beta oscillations.
Prestimulus Between-Region Phase Locking Predicts the Behavioral Choice after Stimulus Onset
As a measure of communication across PFC areas, we measured Between-region spike--LFP phase locking. This analysis correlated spike times from the ACC with LFP phase recorded simultaneously in the PL (Fig. 4A--C) and vice versa (Fig. 4D--F) . Across the entire frequency spectrum, significantly more neurons were phase locked on correct trials (Table 1) (v 2 = 4.27, P = 0.068 for ACC spikes locked to PL LFP and v 2 = 6.31, P = 0.029 for PL spikes locked to ACC LFP).
Four ACC neurons phase locked to PL beta LFP exclusively on correct trials (Fig. 4A) . On incorrect trials, there were no phase locked neurons. The reduced proportion of phase locked neurons was centered at 22 Hz. Time-resolved phase locking strength (Fig. 4B ) was reduced on incorrect trials (ANOVA; interaction: F 30,90 = 3.67, P < 0.001). The difference between trial types occurred during the 2-s window prior to the stimulus onset (post hoc t-test, t 6 = 4.37, P = 0.005) and the window spanning -1.8 to 0.2 s around stimulus onset (post hoc t-test, t 6 = 4.12, P = 0.006). The phase locking observed during correct trials was greater than the level of synchrony expected by chance (ANOVA; main effect of trial: F 1,3 = 11.45, P = 0.043; main effect of time: F 30,90 = 4.43, P < 0.0001; interaction: F 30,90 = 5.73, P < 0.0001). Again, these neurons exhibited no change in firing rate over time, and firing rate did not differ between trial types (ANOVA; interaction: F 39,117 = 0.637, P = 0.946). In addition to spike--LFP phase synchrony, we also measured LFP--LFP phase synchrony at 22 Hz as further evidence that the ACC and PL were communicating in the beta frequency range. PLV at 22 Hz was not different between correct and incorrect trials (Fig. 4C) ; however, they both were significantly greater than the magnitude of synchrony expected by chance (ANOVA; interaction: F 654,1962 = 0.90, P = 0.95).
Seven PL neurons were phase locked to ACC alpha LFP oscillations on correct trials, whereas none were phase locked on incorrect trials (Fig. 4D) . The reduction in the proportion of phase locked neurons was centered at 12 Hz. Time-resolved phase locking strength was larger on correct trials (Fig. 4E ) (ANOVA; interaction: F 30,180 = 2.99, P < 0.001). The difference between trial types occurred during 3 consecutive windows (ranging from -2 s to 0.4 s) around stimulus onset (post hoc t-tests for each time window; t 12 = 4.50, P < 0.001; t 12 = 4.06, P = 0.002; t 12 = 2.26, P = 0.043). The phase locking strength on correct trials was not spurious (ANOVA; interaction: F 30,180 = 3.01, P < 0.0001). These neurons exhibited no change in firing rate over time and firing rate did not differ between trial types (ANOVA; interaction: F 39,234 = 0.819, P = 0.770). The LFP--LFP phase synchrony between brain regions at 12 Hz increased over time before stimulus onset (Fig. 4F ). The PLV was not different between correct and incorrect trials but was higher than expected by chance (ANOVA; interaction: F 340,1020 = 1.02, P = 0.406).
ACC Neurons Phase Locked to PL Beta Oscillations before the Stimulus and Then to PL Delta Oscillations after the Stimulus As shown above, the ACC neurons that exhibited prestimulus phase locking to PL beta oscillations exclusively on correct 
05). (B)
Mean time-resolved phase locking strength (Rayleigh's Z) is averaged across the ACC neurons that phase locked to PL beta (13--30 Hz) LFP oscillations before stimulus onset. Stimulus is at t 5 0 s. Rayleigh's Z was calculated in 2-s windows that were slid in 200-ms steps. Beta phase locking was present on correct trials and was not present on incorrect trials. The Between-region spike--field phase locking was centered at 22 Hz. (C) Prestimulus phase synchrony between the LFP signals recorded in the ACC and PL at 22 Hz. LFP--LFP phase synchrony was quantified over time using a within trial PLV. Stimulus onset is at t 5 0 s. The mean PLV and its standard error (across rats) are shown for correct trials (orange), incorrect trials (green), and trial shuffled surrogate data (blue). During both correct and incorrect trials, a significantly high (compared with surrogate) level of LFP--LFP phase synchrony exists at 22 Hz before stimulus onset. (D--F) Same as above. (D) A schematic illustrating that the bottom panel uses PL neuron spikes and ACC LFP oscillations. A larger proportion of neurons phase locked to alpha oscillations on correct trials. (E) These PL neurons phase locked to ACC alpha (8--12 Hz) oscillations on correct trials, rather than incorrect trials, during the prestimulus period. The Between-region phase locking was centered at 12 Hz. (F) Prestimulus LFP--LFP phase synchrony at 12 Hz increases over time on correct (orange) and incorrect (green) trials. In both trial types, a significantly high level of LFP--LFP synchrony occurs at 12 Hz before stimulus onset.
trials also phase locked to delta oscillations after stimulus onset (Fig. 4B) . The average response latency (time of nose poke minus time of stimulus onset) on correct trials was 0.74 ± 0.20 s across all rats. This may indicate that neurons' delta phase locking on correct trials was due to changes in neural activity after stimulus onset and before the instrumental response to the chosen stimulus location. If this was the case, it is possible that these neurons also phase locked to delta oscillations on incorrect trials, but that it was not apparent in these plots because the average response latency on incorrect trials was 1.62 ± 0.20 s. Therefore, we characterized how this population of prestimulus beta phase locked neurons represented motorrelated planning and/or motor execution after the stimulus onset.
Neural activity was aligned to the instrumental nose poke action and spike--LFP phase locking was measured before nose poke onset. Preparatory phase locking to PL delta oscillations occurred on both correct and incorrect trials and began less than 1 s before nose poke onset (Fig. 5A) . The phase locking was of similar strength in both trial types; however, it began significantly earlier on correct trials (ANOVA using the mean from 1.5 to 2.4 Hz; main effect of trial: F 1,3 = 1.89, P = 0.263; main effect of time: F 25,75 = 1.96, P = 0.013; interaction: F 25,75 = 0.75, P = 0.781). Furthermore, the observed phase locking was not spurious (ANOVA; interaction: F 25,75 = 1.72, P = 0.0376). Although trial shuffling reduced the average Rayleigh's Z (from -1 to 0 s before nose poke action) to 1.60, which is below a Z-score indicating 2 standard deviations from the mean, relatively high levels of chance synchrony were found with delta oscillations. There was no change in firing rate before nose poke onset. The phase locking of ACC spikes to PL delta oscillations was accompanied by an increase in PL delta band power that was not significantly different between trial types (Fig. 5B) .
Discussion
Spike--LFP Phase Synchrony within and between the ACC and PL Occurs During Top-Down Attention We investigated synchrony between and within the rat ACC and PL before the onset of a behaviorally relevant stimulus. Our analysis was focused primarily on the prestimulus period, which is when a preparatory top-down attention signal is Figure 5 . (A) A schematic illustrating that the top panel uses spikes from ACC neurons that were phase locked to PL beta oscillations during the prestimulus period. Neural activity is aligned to the onset of instrumental action (nose poke) at t 5 0 s. The mean time-resolved phase locking strength was calculated across these neurons using a 1-s window, slid in 100-ms steps. Between-region delta oscillation phase locking occurs before the action during both correct and incorrect trials. (B) During the same time period, PL delta power is increased. generated by the PFC (Chelazzi et al. 1993; Summerfield et al. 2006; Egner et al. 2008; Stokes et al. 2009; Sylvester et al. 2009; Totah et al. 2009; Noudoost et al. 2010 ) and exerts its effects upon sensory cortex neurons (Chelazzi et al. 1993; Luck et al. 1997; Roelfsema et al. 1997; Engel et al. 2001; Fries et al. 2001 Fries et al. , 2008 . We found that, at certain frequencies, within-and Between-region spike--LFP phase locking was reduced on incorrect trials, both in terms of the proportion of phase locked neurons and the strength of phase locking over time.
Within-region spike--LFP phase locked neurons shared a similar phase angle distribution. Given that Within-region synchrony aligns multiple spike trains in time as a mechanism for increasing overall postsynaptic output (Fries 2005 (Fries , 2009 , our data suggest that a population of neurons spike together in a temporal pattern aligned to the dynamics of local LFP oscillations and thus increase their output to downstream targets during top-down attention. These targets could include cortical areas involved in perception of the upcoming behaviorally relevant stimulus. Additionally, spike--LFP phase locking at the beta frequency was shared between both PL and ACC neurons that were phase locked to PL oscillations. Overall, these data support the hypothesis that neurons in the ACC drive beta LFP oscillations within the PL and entrain the local PL neurons to the beta rhythm. Future studies recording larger populations of neurons within a single subject simultaneously will be necessary to further test this hypothesis.
Another key finding of this study was that spike--LFP phase synchrony occurred across a wide range of frequencies, although at many frequencies the proportion of phase locked neurons was not different between correct and error trials. Direct corticocortical projections between the recorded locations in the ACC and contralateral PL exist in the rat (Jones et al. 2005 ) and could directly mediate this synchrony. The observation that synchrony occurred at many frequencies is consistent with the results of others (Canolty et al. 2010 ) and supports the hypothesis that oscillation phase synchrony could be used to form multiple neuronal assemblies and bind the relevant neurons together at relevant times (Siegel et al. 2009; Singer 2009 ). However, given that synchrony at only certain frequencies was predictive of behavioral performance, many of these other synchronous interactions may relate to other PFC dependent processing that occurs at the same time as preparatory attention.
On the other hand, we found that Between-region synchrony in the alpha and beta frequency ranges was related to behavioral performance, which suggests a role in the generation of a top-down attention signal. Beta frequency oscillations are associated with top-down attention (Roelfsema et al. 1997; Liang et al. 2002; Gross et al. 2006; Buschman and Miller 2007; Engel and Fries 2010) . The degree of beta frequency coherence between frontal and parietal cortices during attention varies as a function of stimulus expectancy (Gross et al. 2006) . Furthermore, beta frequency coherence between PFC areas and the lateral intraparietal area is increased during top-down attention, rather than bottom-up attention (Buschman and Miller 2007) . The finding of increased alpha spike--LFP phase synchrony during top-down attention may seem paradoxical given that the alpha rhythm has been associated with a relaxed eyes closed state, or ''idling,'' and cognitive disengagement (Pfurtscheller 2001) . However, other behaving animal electrophysiology studies, in addition to our study, have described increased alpha frequency LFP--LFP coherence between multiple visual cortex areas in the cat and increased Within-region spike--LFP coherence in the alpha frequency in visual cortex during top-down attention (von Stein et al. 2000; Fries et al. 2008) . Human EEG recordings also have demonstrated increased alpha phase synchrony between the PFC and visual cortex during attention (Palva S and Palva JM 2007; Zanto and Gazzaley 2009 ). Furthermore, it has been demonstrated that perturbing the PFC by transcranial magnetic stimulation reduces cross-cortical alpha synchrony, thus enhancing distracter-related visual cortex potentials and impairing attention task performance (Zanto and Gazzaley 2009) . Thus, although the alpha rhythm has been associated with idling, our data and those of others indicate alpha rhythms may be used to suppress the neural representation of distracters (Klimesch et al. 2007) . Notably, individuals with schizophrenia and ADHD exhibit increased distractibility and reduced alpha phase synchrony (Bob et al. 2008) , which suggests that a reduction in cortical alpha synchrony could move inhibitory executive functions into a dysfunctional state.
In addition to Between-region spike--LFP phase synchrony during the prestimulus period, our study demonstrates that significant levels of Between-region LFP--LFP phase synchrony occur during the prestimulus period. According to the ''communication through coherence'' hypothesis, LFP--LFP phase synchrony is a mechanism for phase locked neuronal spikes to be communicated to their postsynaptic targets (Fries 2005 ). Although we did not find a difference in LFP--LFP phase synchrony between correct and incorrect trials, it is possible that LFP signals in 2 distant cortical regions synchronize and local mechanisms then govern whether or not local neurons will entrain to a distal rhythm.
The Same Neurons May Participate in Separate Neural Assemblies Supporting Attention and Action We found that neurons in the ACC, which were phase locked to PL beta oscillations before stimulus onset, switched to delta oscillation phase locking after the stimulus and in preparation for the instrumental action. Previous work has shown that, in anticipation of an instrumental action in a rodent operant task, delta power increases within the rat PFC, and LFP--LFP delta frequency coherence increases between the PL and the nucleus accumbens core (Gruber et al. 2009 ). We replicated these findings and further demonstrated that Between-region spike--LFP delta synchrony occurs between the ACC and PL before an instrumental action and that these same ACC neurons participate in top-down attention. Beta oscillation phase locking before the stimulus was specific to correct trials, whereas the delta oscillation phase locking occurred during both correct and incorrect trials. Therefore, while coordination of neural activity between the ACC and PL may be necessary during top-down attention, coordination also may be needed for action planning and/or execution, regardless of whether or not the action is the correct decision. From a systems perspective, the shift from beta to delta frequency may indicate that the same population of neurons participates in multiple cognitive processes by joining different neuronal assemblies, at different times and at the service of different cognitive functions (Canolty et al. 2010) .
Conclusion
These data demonstrate that areas of the PFC dynamically interact during attention and action. oscillations may serve as a neurophysiological mechanism by which multiple PFC areas can interact. These neurophysiological changes, which occur before the onset of a sensory stimulus, may serve to prime the neural representation of stimuli within sensory cortex and to improve the accuracy and speed of decision making and stimulus-guided action.
The fact that prestimulus phase synchrony was reduced during error trials suggests that diminished communication between multiple PFC areas could reflect an impaired cognitive state. Reduced synchrony between cortical regions has been observed in the brains of individuals with top-down attention deficits, such as those with ADHD and schizophrenia (Phillips and Silverstein 2003; Murias et al. 2007; Bob et al. 2008; Wang et al. 2009; Cubillo et al. 2010; Konrad and Eickhoff 2010; Mazaheri et al. 2010) . Therefore, electrophysiological recordings, combined with pharmacological or genetic manipulations during the rodent preparatory attention task (Totah et al. 2009 ), may provide a useful paradigm for studying normal and impaired top-down attention. 
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